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SUMMARY :
14y 2

A method is presented for computing the wall coordinates of a hypersonic
nozzle with real—gasl effects. Results of calculations at a Mach number of 17
for stagnation temperatures and pressures up to 5,000o R and 1,000 atmospheres
are presented. A procedure for calculating both the inviscid contour and
boundary-layer displacement thickness is presented along with a complete com-
puter program written in FORTRAN (FORmula TRANslation) language. Calculations
are presented for a Mach number 17 nozzle for nitrogen at various stagnation con-
ditions to indicate the difference between the use of real-gas properties and the
ideal gas with constant heat-capacity ratio. The effect of stagnation conditions
on both the inviscid flow field and the growth of the displacement thickness has
been investigated. Whereas the present results were obtained for nitrogen, the
method of calculation presented herein could be applied to other gases with only
slight modification.

INTRODUCTION

The calculation of the inviscid contour of a hypersonic nozzle for a real
gas involves an application of the method of characteristics in which the real-
gas variation of the thermodynamic properties of the gas are considered. The
physical-wall contour of the nozzle 1s then determined by adding the calculated
displacement thickness to the inviscid contour.

In reference 1 a procedure is presented for calculating only the inviscid
contour of axisymmetric nozzles with reacting gases by application of the method
of characteristics incorporating a variable isentropic exponent, whereas, in the
present work the available thermodynamic data for an isentropic expansion are
used directly in the computation scheme. The method for calculating the contour
of axisymmetric nozzles for high-temperature air presented in reference 2 is
similar to that presented herein but was developed independently. The differences
between the present work and that of reference 2 include the manner in which the

1The term "real gas" as used herein relates to the effects associated with
nigh densities and also the variation of heat capacity with temperature.



real-gas thermodynamic properties are employed and the detailed calculation pro-
cedures for the boundary-layer determination.

A comparison between the calculated inviscid coordinates of a hypersonic
nozzle based on the real-gas thermodynamic properties of air at mcderately high
stagnation temperature and pressure and the coordinates based on ideal-gas rela-
tions with constant heat capacity indicates that real-gas effects strongly affect
the calculated nozzle contour. (See ref. 3.)

The procedure for calculating the wall contour of a hypersonic nozzle pre-
sented in this report was used to design the nozzle of a Mach number 17 hyper-
sonic facility which is Presently being constructed for the Langley Research
Center. This facility is to operate with nitrogen at stagnation temperatures
up to 4,000° F and stagnation pressures up to 1,000 atmospheres for running
times on the order of minutes and has a test-section diameter of approximately
17 inches.

It is the main objective of this report to present a method for calculating
the physical-wall coordinates of a hypersonic nozzle which operates under condi-
tions where real-gas effects are significant. In addition to the method of cal-
culation, a comparison is given between the contours determined by inclusion of
real-gas effects and of ideal-gas considerations with constant heat capacities
for various stagnation conditions. The effect of wall temperature, size of inte-
gration step, and other calculational restraints are also discussed.

The method of calculation will be presented in enough detail to permit the
direct use of this approach for determining the physical-wall contour of a hyper-
sonic nozzle for a wide range of conditions. The modifications to this method
which would be required for dealing with gases other than nitrogen and for con-
siderably different conditions are also listed.

SYMBOLS

a velocity of sound

B,C,D points in axisymmetric flow field as indicated in sketch (a); used as
subscripts to indicate conditions at these points

Ce skin-friction coefficient

q* throat diameter

H total enthalpy

h static enthalpy

M Mach number

N exponent in velocity-profile relation
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local Reynolds number based on momentum thickness 6

pressure

enthalpy

correction term

gas constant for nitrogen

distance

distance

from source point in radial flow field

from source point to sonic sphere in radial flow

radial distance from nozzle axis

distance

along Mach line measured in meridian plane from nozzle axis

temperature

base temperature, 491.688° R

gas temperature at nozzle throat (see eq. (B16))

velocity

limiting

velocity

limiting

distance
distance
distance
distance

distance
wall

¥*
nozzle throat height, =

ratio of

velocity
3 ~ . .
in x direction

velicity ratio, W = 2
oy

along nozzle axis with x =0 at nozzle throat

from source point of radial flow parallel to nozzle axis
measured parallel to nozzle wall with X = 0 at nozzle throat
perpendicular to nozzle axis

measured perpendicular to nozzle wall with ? = 0 at nozzle

2

specific heats

boundary-layer thickness



&% boundary-layer displacement thickness, defined by equation (B2)

C} characteristic temperature of molecular vibration for nitrogen,
6,005.9° R
S momentum thickness
B¢ flow angle
Or,1
SI integrated values of flow angle, BI = d6p, as given in

equation (A6)

6* initial value of 6 at nozzle throat
H Mach angle

o] density

s stream function

J nondimensional stream function, see equation (A9)
w viscosity-temperature exponent
Subscripts:

aw adiabatic-wall condition

L edge of laminar sublayer

t stagnation conditions

w wall condition

1 inviscid free-stream conditions
Superscript:

o] condition of low pressure

METHOD OF CALCULATION

The calculation of a real-gas nozzle contour is based on a characteristic
solution for determining the inviscid flow field and then adding a correction of
boundary-layer displacement thickness to the inviscid nozzle contour. In the
method presented herein, the actual thermodynamic properties of the expanding gas
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are used to determine the inviscid flow-field boundary. A detailed procedure
for calculating the inviscid portion of a hypersonic nozzle is presented in
appendix A.

After the inviscid contour has been determined by the procedure of appen-
dix A, a displacement thickness based on real-gas properties is calculated from
the edge of the inviscid contour to a physical wall. This calculation is based
on a turbulent boundary-layer analysis in which the real-gas flow properties are
used in a stepwise integration of the axisymmetric form of the momentum equation.
(See pp. 393 to 395 of ref. 4.) The heat transfer to the nozzle wall is accounted
for in the skin-friction law, and the skin-friction coefficient is obtained by a
method presented by Persh. (see ref. 5.) The quantities 6*/6 and 6/5 are
determined by numerical integration with the use of a real-gas variation of den-
sity through the boundary layer. The value of 8 at each point along the nozzle
is obtained from the momentum equation by using an iteration scheme, wherein the
first approximation to the radial distance is taken to be the sum of the inviscid
radial coordinate, at the point of calculation, and the value of &%, determined
from the previous point of calculation. Successive iterations are made to deter-
mine ©®* within a set accuracy. A detailed description of the method of calcu-
lating the displacement thickness 1s presented in appendix B.

Tt is the aim of appendices A and B to present the methods of calculation in
enough detail to permit one to calculate the coordinates of a hypersonic nozzle
directly for the case of a real gas.

RESULTS AND DISCUSSION

Inviscid Results

Attention is focused in this section on a number of calculated results which
indicate how the various conditions and parameters affect the inviscid nozzle
contour. First, a comparison was made between the calculated inviscid contour of
a Mach number 17 nozzle based on real-gas properties for nitrogen and the contour
based on the ideal-gas properties with a constant heat-capacity ratio of 7/5 for
the same stagnation conditions. For this comparison, the stagnation pressure was
taken as 1,000 atmospheres and the stagnation temperature was 4,200° R. The flow
properties for the ideal-gas case were taken from reference 6, and for the real-
gas case the thermodynamic data of references 7 and 8 were used. This comparison
is shown in figure 1, where the throat height for both cases is egual to
0.05 inch. It is noted that the height of the inviscid nozzle exit for the real-
gas calculation 1s approximately 9 percent larger than the exit height based on
the ideal-gas calculation. On the other hand, the contour height in the throat
region is smaller for the real-gas case than for the corresponding ideal-gas case.
This comparison indicates that the inviscid contours for the two cases at the
same conditions and Mach number are significantly different, and it appears to be
important to include the real-gas effects in hypersonic-nozzle calculations for
stagnation conditions in this range.
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Two additional inviscid calculations were carried out in order to examine the
effect of the choice of stagnation conditions on the inviscid contour of a Mach
number 17 nozzle based on real-gas considerations. (It should be noted that the
inviscid contour, based on an ideal gas with constant heat capacities, is inde-
pendent of the stagnation conditions.) The effect of stagnation temperature was
examined first. Figure 2 shows the inviscid contours for stagnation temperatures
of 4,200° R and 5,000° R, both for a stagnation pressure of 1,000 atmospheres.

It is seen that the higher stagnation temperature gives a larger height at the
nozzle exit and a decrease in the nozzle contour in the throat region. The effect
of stagnation pressure was studied from a comparison of contours calculated for
stagnation pressures of 340 atmospheres and 1,000 atmospheres, both at a stagna-
tion temperature of 4,200° R. It is noted from figure % that the higher pressure
results in a smaller inviscid exit height and a somewhat larger contour height in
the throat region.

Boundary-Layer Results

TIn addition to the degree to which a nozzle contour is dependent on the real-
gas effects in the inviscid region, the boundary-layer displacement thickness can
also be influenced by real-gas effects within the boundary layer itself. The
calculated boundary-layer displacement thickness will, therefore, be influenced
by (l) the real-gas flow properties and their gradients along the edge of the
inviscid flow field as determined from the inviscid calculations, and (2) the
real-gas properties within the boundary layer.

The degree to which these two effects influence the growth of the displace-
ment thickness for a Mach number 17 nozzle with stagnation conditions of
1,000 atmospheres and 4 ,200° R with a throat diameter of 0.10 inch was examined
by comparison of the growth of &% for three cases: (1) the inviscid flow field
is calculated with the use of real-gas properties and the calculations within the
boundary layer include the real-gas properties; (2) the inviscid flow field 1s
again calculated with the use of real-gas properties, but the calculations within
the boundary layer are based on an ideal gas with a constant heat-capacity ratioc
of 7/5; and (3) both the inviscid flow and the boundary layer are based on an
ideal gas with a constant heat-capacity ratio of 7/5. This comparison is pre-
sented in figure 4. It is noted from this figure that the largest difference is
between the purely real-gas calculation and the purely ideal-gas result. At an
axial distance from the throat of 90 inches, the value of % for the purely
real-gas case is approximately 15 percent larger than for the purely ideal-gas
case. On the other hand, figure 4 shows that the value of 5% at the same loca-
tion for a real-gas boundary layer is only about 4 percent larger than that calcu-
lated for the ideal-gas boundary layer with a heat-capacity ratio of 7/5, when
both results are based on the same real-gas inviscid flow field. Based on these
limited calculations, it appears that the real-gas effects in the inviscid flow
field have a stronger influence on the determination of the displacement thickness
than the real-gas effects within the boundary layer itself.

An attempt was made to see why the displacement thickness is only slightly
different for the calculation based on real-gas properties within the boundary
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layer compared with the case for which ideal-gas properties with constant heat-
capaclty ratio were used within the boundary layer. The quantity

Ty <___EL___>
2 e®/T -1

which represents the ratio of the local static enthalpy, excluding the vibrational
component, to the enthalpy including the vibrational mode was calculated across
the boundary layer at several positions along the nozzle. The expression for the
enthalpy, including the vibrational mode, is presented in reference 9. This
quantity is unity when the vibrational component of enthalpy is zero and decreases
continuously from unity as the vibrational component becomes more significant.
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Figure 5 shows this quantity plotted as a function of the nondimensional
distance through the boundary layer ?/6 at longitudinal distances from the
nozzle throat of approximately 0.1, 1.0, and 100 inches. These calculations are
based on a Mach number 17 nozzle with stagnation conditions of 1,000 atmospheres
and stagnation temperature of 4,200° R and with a wall temperature of 650° R. It
can be seen from figure 5 that the vibrational component of the local static
enthalpy is always less than 10 percent of the total local static enthalpy

Z T + ( e ) at any position within the boundary layer, even very near the
2 e®/T -1

nozzle throat. At a distance of 1 inch downstream from the throat, the enthalpy
in the vibrational mode is less than 4 percent of the local static enthalpy and
further downstream becomes even less significant. Because there is only a small
percentage of the local static enthalpy at each point within the boundary layer

in the vibrational mode, the small effect noted between the real-gas and ideal-
gas boundary-layer results should be expected. The effect of pressure on the
local static enthalpy within the boundary layer for the conditions of this example
were found to be very small so that essentially all of the real-gas effects
within the boundary layer are due to the vibrational component of enthalpy.
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In figure 6, a comparison of the calculated displacement thickness similar
to that presented in figure 4 is given, the only difference being that the stag-
nation temperature for the results shown in figure 6 is 5,000° R. The comparison
shown in figure 6 for 5,000° R is qualitatively the same as that shown in figure U
for 4,200° R. The comparison presented in figure 6 indicates, however, that the
higher stagnation temperature results in a greater difference between the dis-
placement thickness based on real-gas properties in the boundary layer as com-
pared to those based on ideal-gas properties. This greater difference is believed
to be due to the larger percentage of the local static enthalpy in the vibrational
mode within the boundary layer at higher temperatures.

In order to obtain an indication of the effect of stagnation conditions on
the growth of the displacement thickness in a Mach number 17 nozzle, two sets of
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Figure 6.- Growth of boundary-layer displacement thickness as calculated for: (1) a real-gas inviscid
contour with a real-gas boundary layer; (?) a real-gas inviscid contour with an ideal-gas boundary
layer; and (3) an ideal inviscid contour with an ideal-gas boundary layer. Py = 1,000 atmospheres;

Ty = 5,000° R; T, = 650° R; and d* = 0.10 inch.
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calculations were made. In the first set, the stagnation pressure was chosen to
be 1,000 atmospheres, and the stagnation temperature was set equal to 1+,2OOO R
and 5,OOOO R. TFor the second set of calculations, the stagnation temperature was
chosen to be A,QOOO R and the stagnation pressure was set equal to 340 atmospheres
and 1,000 atmospheres. The results of these two sets of calculations are pre-
sented in filgures 7 and 8. It can be seen that an increase in stagnation temper-
ature or a decrease in stagnation pressure results in a larger displacement thick-
ness at each position along the nozzle. It should be remembered that these calcu-
lations of ©&* are also influenced by the changes in the inviscid flow field due
to changes in stagnation conditions.
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Figure T.- Effect of stagnation temperature on growth of real-gas boundary-layer displacement thickness
as calculated for a real-gas nozzle at My =17, py = 1,000 atmospheres, Ty = 650° R, and
d@* = 0.10 inch.
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Because the physical-wall contour is the ultimate objective in the calcula-
tion of a nozzle, figure 9 was prepared to show the difference between the
physlical-wall contours based on real-gas properties and on properties based on
ideal gas with constant heat-capacity ratioc of 7/5. This comparison is for a
Mach number 17 nozzle with stagnation conditions of 1,000 atmospheres and
M,EOOO R. It can be seen that the contour based on the ideal gas with constant
heat-capacity ratio is significantly different from that based on the real-gas

properties.

The calculated values of &% along the nozzle are based on a method that
requires a number of assumptions which lead to limited certainty as to the correct
local displacement thickness. Inasmuch as the physical cofitour 1s directly
dependent on the calculated values of &%, this same absolute uncertainty exists
at each location along the physical contour. It should be noted, however, that

14
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the absolute values of ©®* are rather small in the throat region so that the
physical contour in the throat region is essentially determined only by the
inviscid calculations. Further downstream, however, the boundary layer becomes
a significant fraction of the physical contour.

Effect of nozzle wall temperature.- The results of calculations presented up
to this point are based on a constant wall temperature of 650° R. The effect of
wall temperature on the calculated values of 8* was examined by comparison of
results based on constant wall temperatures of 650° R and 1,500° R for a Mach
number 17 nozzle with stagnation conditions of 1,000 stmospheres and 4,200° R.
This comparison is presented in figure 10. It can be seen that an increase in
wall temperature from 650° R to 1,500° R causes only a slight decrease in the
displacement thickness along the nozzle. At the nozzle exit the difference is
less than 1.0 percent, whereas, in the throat region the displacement thickness

15
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for the wall temperature of 650° R was less than 0.0002 inch smaller than the
case for 1,500° R. Based on this calculation, the wall temperature does not
affect the displacement thickness to a large extent.

The results show that the displacement thickness was only slightly affected
by a change in wall temperature from 650° R to 1,500° R; the boundary-layer pro-
files of mass flow per unit area pu'/plul and p/pl for these two temperatures

at 0.1, 1.0, and 100 inches from the throat were calculated as well as values of
6*/6, 8/6, and 0 at the same nozzle positions. The profiles are presented

in figures 11, 12, and 13, and the corresponding values of 6*/6, 8/6, and 6
are shown in table I. It is noted from these three figures that profiles for
both wall temperatures change appreciably along the nozzle but are qualitatively
the same for both wall temperatures at a given nozzle position. The tabulated
results of table I show that 5*/8 increases with wall temperature, but there

16
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TABLE I

BOUNDARY-LAYER PARAMETERS FOR A MACH NUMBER 17 NOZZLE AT

_ - (o]
I 1,000 ATMOSPHERES AND T, | = 4,200° R
x, in. Ti» 5% 9 5* 8,
(approx.) R ) ) 9 in.
0.1 650 0.065 0.103 0.63 0.00095
1,500 .085 .099 .86 . 00090
1.0 650 0.24 0.079 3.00 0.0020
1,500 .28 0Tk 3.7 .0016
100 650 0.81 0.012 66.80 0.04kL
1,500 .83 .011 79.00 .036

is also a simultaneous decrease in 8 which is assumed to be caused by a corre-
sponding change in the value of Cf/2 determined from the skin-friction relation.

The two effects tend to make 8* insensitive to wall temperature.

The results of the work presented in reference 2 indicate that the choice of
the skin-friction relation which is used in the boundary-layer calculation has an
effect on the resulting values of &%. It is shown in reference 2 that a change
in wall temperature from 583° R to 1,500° R resulted in an increase in &% when
one skin-friction relation was used, whereas another skin-friction relation indi-
cated a decrease in &% for the same temperature change.

The skin-friction law of Persh (ref. 5) was selected for this present work
based on satisfactory calibration results presented in reference 10. The nozzles
tested in reference 10 showed good agreement with the designed performance based
on Persh's skin-friction relation for the calculation of the displacement
thickness.

In order that the nozzle wall temperature be more realistic in the actual
nozzle operating conditions, a variable wall temperature was assumed along the
nozzle with a hot wall in the throat region and a cooler wall downstream. The
three wall-temperature variations which were used are plotted in figure 14 and
are labeled (a), (b), and (c). Each of these temperature distributions begins
at the nozzle throat with a temperature of 2,8200 R and decreases continuocusly
according to the equation indicated on the figure to asymptotic values for
curves (a), (b), and (c) of 2,350° R, 1,500° R, and 650° R, respectively, further
downstream. These wall-temperature variations are discussed in more detail in
appendix B. The effect which these three wall-temperature variations have on the
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calculated displacement thickness along a nozzle is shown in figure 15. It is
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Figure 15.- Effect of variable wall temperatures on growth of boundary-layer displacement thickness as
calculated for a real-gas nozzle at M; =17, Py = 1,000 atmospheres, Ty = 4,200° R, and

d* = 0.10 inch. (See fig. 14 for wall temperatures.)

noted that the displacement thickness is only slightly influenced by the wall
temperature. The reason for realizing only a small effect is believed to be due
to the opposing changes in 5*/8 and 6 with a change in wall temperature as
discussed before.

Effect of pressure on enthalpy.- As mentioned before, the real-gas effects
considered in this work include the deviations from ideal-gas behavior due to
excitation of the vibrational energy modes and to the high-density or high-
pressure effects. Both of these effects are accounted for in the calculation of
the inviscid flow field by use of the real-gas properties of nitrogen. In the
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boundary-layer calculations, however, the vibrational effect on enthalpy is
accounted for by an analytical expression with a function only of temperature.
This analytical expression is then multiplied by a correction term which is the
ratio of the actual enthalpy, including pressure effects, divided by the enthalpy
based on the temperature alone. This pressure-correction term for the enthalpy
is denoted as @ and is of the order of unity. The application of this correc-
tion term is discussed in appendix B. The influence which the real-gas effects
due to high pressure alone have on the calculation of &* 1is shown in figure 16
for a particular nozzle in the region near the throat. It can be seen that the
difference between the result when using Q equal to unity (that is, no real-gas
pressure effect considered) and the result when Q was taken into account, is at
most a few percent for the conditions of this calculation. For higher stagnation
pressures at the same temperature or for lower stagnation temperatures at the same
pressure, that is, higher densities, the influence of using the actual values

of Q would be greater.

Computer Program

The calculated results were obtained by use of an IBM 7090 electronic data
processing system at the Langley Research Center. A listing of the detailed pro-
gram statements in FORTRAN language (ref. 11) are presented in appendix C with
appropriate comments for the benefit of agencies having access to digital com-
puting machines. This program was set up and used to calculate hypersonic nczzle
contours with nitrogen for stagnation temperatures up to 5,000° R and stagnation
pressures up to 1,000 atmospheres. Tt should be pointed out that the method for
calculating the inviscid flow field is general and can also be applied directly
to other gases for stagnation conditions such that equilibrium dissociation
effects must be considered. This method can, of course, also be applied to the
calculation of the inviscid region of a hypersonic nozzle using helium at high
stagnation pressures, for which case real-gas effects due to high density can be
quite significant. The inputs to this present program for such cases would be
the same as used in this work for the inviscid region, namely, the real-gas rela-
tion between the Mach number and limiting-velocity ratio and the relation between
the ratio of free-stream to stagnation density, and the limiting-velocity ratio
for an lsentropic expansion from a given stagnation condition.

That part of the program which is concerned with the calculation of the
boundary-layer displacement thickness, however, would in general require some
modifications for other gases and much different stagnation conditions considered
herein. A relation between the local static enthalpy within the boundary layer
and the local pressure and temperature would be required which would replace equa-
tions (B9) of appendix B. Accordingly, this would change the form of equa-
tion (B12). The skin-friction law given by equations (B13), (Bik), and (B15),
could also be replaced by another law, if desired, or modified for a particular
case.
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CONCLUDING REMARKS

A method for calculating a hypersonic-nozzle contour for a real gas has
been developed and incorporated into a computer program which facilitates the
rapid calculation of the inviscid flow field and the wall-boundary-layer displace-
ment thickness. The procedure for calculating both the inviscid region and the
displacement thickness is presented in enough detail to permit the direct appli-
cation of this method. A working FORTRAN program for use on an IBM T090 elec-
tronic data processing system is also presented.

The inviscid contour and the corresponding displacement thickness have been
calculated for a number of conditions for nitrogen with stagnation temperatures
up to 5,000° R and stagnation pressures up to 1,000 atmospheres for a Mach number
of 17. The real-gas effects considered in these calculations are those that are
associated with high-density gases and the variation of heat capacity with tem-
perature due to vibrational excitation. This method of calculation presented
herein may be applied to a number of systems with some modifications. Rather
simple modifications are required for the consideration of equilibrium dissoclated
flow.

Based on a number of calculations and the use of the present method, the
following conclusions are indicated:

1. A comparison between a calculated inviscid contour of a Mach number 17
nozzle based on real-gas properties for nitrogen and on ideal-gas relations with
a constant heat-capacity ratio of 7/5 for stagnation conditions of 1,000 atmos-
pheres and M,EOOO R shows that the inviscid contour based on real-gas considera-
tions is considerably different from that found for the ideal gas. For this case,
the exit diameter of the inviscid nozzle is approximately 9~percent larger for
the real-gas calculation than for the results based on ideal-gas relations. On
the other hand, the diameter in the region near the throat 1s less for the
inviscid real-gas result than for the ideal-gas result.

2. Tt was found that when real-gas effects are taken into account the choice
of stagnation conditions strongly affected the inviscid nozzle contour for the
conditions examined.

3. The effect of stagnation conditions on the boundary-layer calculations,
including real-gas effects, exhibited the same trends as for an ideal gas in that
a decrease in the stagnation temperature or an increase in the stagnation pres-
sure resulted in a decrease in the displacement thickness along the nozzle
contour.

4. The influence of the real-gas effects within the boundary layer on the
calculation of the displacement thickness was much less significant than the
influence of real-gas effects in the inviscid flow field on the determination of
the inviscid nozzle contour.

5. The calculated displacement thickness for the condition of constant wall
temperature was found to be only weakly affected by the level of the wall
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temperature. For example, the displacement thickness, calculated for a Mach num-
ber 17 nozzle with stagnation conditions of 1,000 atmospheres and 4%,200° R and
throat diameter of 0.10 inch, based on a wall temperature of 650° R was less than
1 percent greater than the value for a wall temperature of 1,500° R at the nozzle
exit. In the throat region the displacement thickness for the case in which the
wall temperature was 650° R was less than 0.0002 inch smaller than the case for
1,500° R. Also, calculations in which several realistic wall-temperature varia-
tions along the nozzle contour were assumed indicated that the wall-temperature
level and its variation along the nozzle do not strongly affect the calculated
displacement thickness for the method presented herein.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., January 7, 1963.
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APPENDIX A

CALCULATION OF INVISCID NOZZLE CONTOUR FOR A REAL GAS

Characteristic Equations

The procedure for calculating the inviscid nozzle contour for air as a real
gas was briefly discussed in reference 3, The approach used in this present work
is essentially the same for the inviscid calculations. The basic eguation for
determining the inviscid contour for an axially symmetric nozzle is the potential-
flow equation presented in reference 12 (p. 261, eq. (469)). The solution to this
equation can be obtained through the method of characteristics which reduces to
four characteristic equations which are readily adaptable to a finite difference
technique. The derivation of the characteristic equations is also presented in
reference 12. These four characteristic equations are:

dy
— = tan + 6
> (b +9)
first family (A1)
aw dx
N _dotanpy -1y ==0
W HT Yy
and
dy h
= =t B -
3 = tan( W)
| second family (A2)
aw dx
—~ +dg tanp - o = =0
W Ty T
where
sin p sin 6 tan p
7,1 = -
cos(u + 8)
and
sin u sin 6 tan u
12 =
cos(6 - p)

These characteristic equations involve the five variables W, 8, x, Yy, and u,
so that an additional relation is required. For the case of an ideal gas with a
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constant specific-heat ratio, the expression relating M to W is

Fei (55 )L (3)

and may be used because p 1is directly related to M by the equation
(a%)

The equivalent real-gas relation between W and M 1is obtailned by taking the
form of the ideal-gas expression as given in equation (A3) and tabulating the

quantity 1/w2 for various values of 1/M° as calculated for the isentropic
expansion from a given stagnation condition. These are the values of 1/w2 and

l/M2 based on a real gas and are used directly in the calculatiocn procedure with
linear interpolation between the tabulated values.

Determination of Flow Properties Along Flow-Region Boundaries

The two families of characteristic equations (eqs. (Al) and (A2)) are solved
by a stepwise procedure in which the initial values of the flow properties W,

8, x/rcr, y/rcr, and M are first calculated along the edge of the character-

istic flow fields. These initial flow properties are calculated along the line
ABCDE of sketch (a).

y/rCI'

1T

Ter IIIM \ v

‘ B o e
0] A B D

Sketch a
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These quantities are based on real-gas considerations and are determined by a
method presented in reference 13. For convenience in discussion, the nozzle is
divided into four regions: I, first transition region; II, second transition
region; III, radial flow; IV, uniform flow. Region III is bounded by the Mach
lines BC and CD, and region IV is bounded by the final Mach line DE. The flow in
region I is calculated by the method of characteristics and initial conditions
along line ABC and the flow in region IT is calculated by the method of character-
istics and conditions along line CDE. The first task, then, is to calculate the

flow conditions along line ABCDE.

Now the general equation for the radial-flow region as given by reference 13
is

(1-M2)%%+2%=o (A5)

For this region, the integrated characteristic equations, which are based cn
equation (A5), are

W

£,1 W o 1/2
or = f a6, = = f (- 1) gy (16)
0 2 Jy(M=1)
and

fw (_M_g__’__l_) aw (AT)

w(M=1) w

\
a1
=5
1
|+

Because M and, therefore, W are known at point D (sketch (a)), the value of
o1,D at point D can be found by use of equation (A6) and the real-gas relation

between M and W. Values of W, 8y, M, and r/rcr along line CD are deter-

mined by choosing values of W which are successively less then the value of W
at point D. Values of 6y for particular values of W are calculated from equa-

tion (A6) and from the real-gas relation between M and W, along with the condi-
tion that 6 = eI D" eI along the line CD. The corresponding values of r/rcr
J

for these same values of W are determined from equation (A7) in a similar way.
The coordinates for each of these calculations along line CD are determined from
the equations

—_— = x cos ef (A8)

rCI‘ rCI‘
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and

Y - X sin fp (A9)

rCI‘ rCI‘

The point indicated as C in sketch (a) is the nozzle-inflection point and
corresponds to the maximum turning angle of the flow. The value of the flow
angle at point C, eC is arbitrarily taken to be 12° in this work. It follows

then that the integrated angle at point C, eI ¢» as obtained from equation (A6),
J

must equal the value determined from the condition that GC =0 The

- B .
,0 " %1,
values of M, W, x/rcr, and y/rcr at point C are fixed by equations (AT),

(A8), and (A9).

The flow properties along line DE are all constant and equal to conditions
at point D and are determined by the procedure just mentioned. It follows that

the quantities W, 8¢, i/rcr, y/rcr, and M can be calculated along the

boundary CDE and can serve as the starting conditions for calculation of flow in
region IT by the method of characteristics.

The flow properties along line BC are determined by the same method as they
were along line CD, except that the flow angle along line BC is obtained from the
condition that 6p = SI - eI,B’ where eI,B = eI,D - GI,C'

The required flow conditions along 1line AB are established by assuming a
linear Msach number distribution with respect to i/rcr from points A to B. This

linear distribution is found by equating the slope of M with respect to i/rcr

as determined at point B to the slope in this linear portion. The value of i/rcr
for which the Mach number is unity is taken as the position of the throat of the
nozzle. Inasmuch as the real-gas variation of W with respect to M has been
determined, the establishment of a Mach number distribution along line AB also
determines corresponding values of W along line AB. The necessary flow proper-
ties along line ABC can, therefore, be calculated so that the method of character-

istics can be applied to determine the flow field in region I.

Characteristic Mesh Size

The mesh size of the characteristic network is determined by the interval
size between successive points chosen along the boundary line ABCDE. The inter-
vals along lines BC and CD are determined by taking a constant interval of r/rcr.

The interval size along line DE was taken to be the same as along line CD. The
intervals between points along AB can also be chosen arbitrarily. For a given
Mach number and set of stagnation conditions, the inviscid contour was calculated
for various mesh sizes in which the interval in r/rcr along line ABCDE was set

equal to 0.1, 0.2, 0.25, and 0.3. The effect of mesh size on the calculated
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contour based on these four values was found to be negligible. In addition, the
inviscid contour was calculated along line AB for intervals of r/rcr of 0.05,

0.025, and 0.0l and for intervals along line BCDE of 0.1. The inviscid contour
was again essentially unaffected by this change in mesh size. It may be concluded
that these mesh sizes are small enough not to influence the inviscid result.

Calculation of Characteristic Network for Real Gas

The characteristic network for a real gas is calculated by application of a
method of successive approximations to equations (Al) and (A2), along with the
tabulated real-gas values of l/W2 and l/M2 and the flow conditions along line
ABCDE. This method is outlined in pages 264-265 of reference 12. It has been
determined by trial and error that three successive approximations are sufficient
to give satlsfactory results at each point of calculation within the character-
istic network.

Calculation of Streamline Along Inviscid Boundary

Tnasmuch as point C of sketch (a) is on the streamline which defines the
inviscid boundary, the value of the stream function at any point along the invis-
cid boundary must be equal to the stream function at point C. The procedure for
determining the streamline which corresponds to the inviscid boundary, then, first
involves the calculation of the stream function at point C.

The differential form of the stream function in the radial-flow region as
given in reference 13 is

2

dy = pur<sin 8y d6¢ (AL0)

It is convenient to define a nondimensional stream function as

v —Y (A11)

2
PeiTer

Inasmuch as the flow properties are constant for a given value of r/rcr in the

radial-flow region, the differential form of the stream function may be integrated
for a particular value of r/rcr to yield

rCI‘

v =2 (_E—)z(l - cos Bf) (Al2)

The values of W, r/rcr, and 6p at point C can be found by a method already
given. It is now required to know the real-gas relationship between p/pt
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and W. For the case of an ideal gas with a constant heat-capacity ratio, the
relation between p/pt and W 1is

2o

o (A13)

The corresponding real-gas relation between p/pt and W 1is obtained from the

form of equation (Al}) and from tabulation of the quantity 1log p/pt for various

values of 1og(l - W2) as calculated for the real-gas isentropic expansion from
a given stagnation condition. A plot of log p/pt against log(l - w2) based

on real-gas calculations showed that these quantities were nearly linear over
small regions. Tabulated real-gas values of p/pt and W were used with linear

interpolation between log p/pt and log(l - w2) for intermediate values of
p/pt and W for the calculation of $ at point C by equation (AlE). The value

of the stream function E at any point on_the inviscid contour must equal the
stream function at point C, that is, V¥ = wC'

The genéral differential form of the stream function for axisymmetric flow
as given in reference 13 is

dy = pya ds (ALL)

where y 1is the distance from the axis, a 1s the local speed of sound, and ds
is the differential distance along a Mach line. This equation can be integrated
along a Mach line where s 1is taken as 0 at the axis, so that the nondimensional
form of the stream function at any point s on a Mach line is

v = x/;s (é%)w(sin u)(ry-2>ds (A15)

cr

The value of E is calculated at each point of the characteristic network
by stepwise integration of equation (Al5) in which the real-gas relation between
p/pt and W 1is used. The location of the intersection of the inviscid boundary

with any Mach line is determined when ﬁ for a particular Mach line is equal
to WC. Points along the inviscid boundary are determined by interpolation

between adjacent points in the network which have values of W that bound Eé.
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Real-Gas Thermodynamic Properties

The calculations carried out in this work were based on the real-gas thermo-
dynamic properties of nitrogen presented in references 7 and 8. These data were
plotted and the various thermodynamic quantities along an isentropic expansion
were determined and tabulated. These tabulated quantities M, W, and p/pt

were then used directly in the machine calculations. The real-gas speed of sound
for nitrogen above 100 atmospheres was based on the coefficients presented in
reference 8.
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APPENDIX B
BOUNDARY-LAYER CALCULATIONS

General Procedure

After the inviscid contour has been determined from characteristic calcula-
tions, the boundary-layer displacement thickness along the nozzle must be added
to obtain a physical-wall contour. The coordinate system for calculating the
displacement thickness &% is shown in sketch (b).

I.'
A
X
Physical contour =7
(nozzle wall)
y
B

B Inviscid contour ~M/ ’

- X

Sketch b

The flow quantities ui, Py s and Ml at the edge of the inviscid region,
and the flow angle 6p are known from the inviscid results. The corresponding
values of the static temperature at the inviscid boundary T, was determined
from tabulated real-gas values of Tl against Ml with linear interpolation

between l/Tl and M12 for intermediate values.

The momentum equation used in this work as derived in reference b is

c * du, ' dp 1
o s M P I ik (31)
2 ax 0 ul' dx Py dx r gx
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where 7r' 1is the radial distance to the nozzle wall. The derivatives of veloc-
ity, density, and radial distance with respect to distance along the nozzle
wall X are calculated from differences between flow properties at successive
points along the inviscid boundary. The values of PL and u, were taken from

the inviscid results at various locations.

Calculation of Shape Parameter for Real Gas

The value of the shape parameter 6*/6 is calculated at each location with
the following integral equations:

L[] (- =2

and

]
P1%

1 [ 1 jard
0 _ u u y
5 - fo - ( ) '>d(€) )

The relation between the velocity profile and the variable of integration ?/6
is assumed to be
L/
]
w' (X) (B4)

uy )

The exponent N in this relation is obtained at each location along the nozzle
from the following correlation:

N = 1.77 log Nge - 0.38 - %99 (B5)
Re

where Npo is based on local free-stream properties and the local value of the

momentum thickness 6. This correlation is similar to that presented in refer-
ence 14 and is based on experimental data for Mach numbers up to 9. This corre-
lation was used to determine values of N for values of Npg that are beyond

the data for which this correlation was determined; however, the values of 6*/5
and 9/6 have been found to be quite insensitive to N at high values of N.

The evaluation of equations (B2) and (B3) also requires a relationship
between the u'/ul' and p/pl within the boundary layer. This is obtained by

beginning with the Crocco relation between total enthalpy and local velocity in
the boundary layer as presented in reference 15.

H=A+ B(Hl7> (B6)

4
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where the total enthalpy at any point in the boundary layer is

(B7)

The constants A and B in equation (B6) are evaluated at the wall and at the
edge of the boundary layer, sc that the total enthalpy varies through the boundary
layer according to the expression

Ho= b+ (B - n)2s (88)

where h, 1is the static enthalpy at the wall.

The expression for the local static enthalpy, which includes real-gas effects
due to vibration but no real-gas effects due to pressure, can be written in non-
dimensional form as

RT, |2 Ty, Tp\8/T _

i: IE_+_]-_< e ) (39)
1

In order that the real-gas effects due to pressure on enthalpy be taken into
account, equation (B9) is multiplied by a correction term which is equal to the
actual real-gas enthalpy found in real-gas thermodynamic tables divided by the
enthalpy calculated from equation (B9), both of which are taken at the same tem-
perature. This correction term i1s denoted as Q = h/ho, where h° represents
the enthalpy at low pressures. It follows that @Q 1s a function of temperature
and pressure or any two thermodynamic functions. Since the entropy is constant
in the inviscid flow region, the quantity Q along the inviscid boundary can be
written as a function of pressure alone for a given stagnation condition. This
quantity can be represented by a power series in Py

Q =1.0+Ap + B(pl)2 + C(pl)3 (B10)

The wall temperature is known, therefore the correction term along the nozzle
wall can also be expressed in a power series in pressure:

3

Q, = 1.0 + Dp, + E(pl)2 +’F(pl) (B11)

where the coefficients A, B, C, D, E, and F 1n these equations are evalu-
ated empirically from the real-gas thermodynamic data.

The variation of @ through the boundary layer was taken to be linear with
respect to h® from the wall value Q, to the free-stream value Ql. Plots
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of Q against h° for various pressures were found to be approximately linear
over a rather large range.

The equation which was used to relate the local velocity to the local density
in the boundary layer was obtained by combining equations (BT), (B8), and (B9)
and incorporating the pressure effect on enthalpy by the use of the function Q.
The local temperature T within the boundary layer is replaced by the quantity
T
57%— so that the density and velocity within the boundary layer are related
1

by the equation

o 2
T /T ® ' ' ' '
QZ /T . /T I SRS WS I _LMU_ (B12)
2\e /oy EL(Jl) RTp u') Rpw' 2 Rl '
T1\P1
e - 1

The solution to the quantities 6*/6 and 8/6 as defined by equations (B2) and
(BB) is obtained by a quadrature method at any value of X along the nozzle by
simultaneous solution with equations (B4) and (B12).

Skin-Friction Relation
The skin-friction relation presented in reference 5 was used in this work to

calculate the local skin-friction coefficient. This skin-friction relation is
represented by the following three equations:

o) N-2w-1
=N ST
C 14N T
£~ (2ow) 8/8 L (B13)
2 NRe T,
2
?g _ Eg _ Ty - Taw(EL) _ Taw - Tl(fg) (B1Y)
Ty Ty T, \%1 Ty \"1
and
14w
a L T N+1
L [—20oN R (B15)
Uy INge(8/8) Ty
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Equations (B14) and (Bl5) are combined and solved by iteration at each point
along the nozzle to determine Ty, The resulting value of TL is then used in

equation (Bl3) to calculate Cgf2 at that position.

Calculation of Momentum Thickness

The solution of equation (Bl)Nrequires an initial value of the momentum
thickness © at the point where x = O. The effect of the magnitude of the
assumed initial value of © on the growth of 6 along the nozzle was investiga-

ted by choice of initial values of 8 of 1072, 1072, 107, and 10~ inches. The
results are shown in figure 17 which are based on the same inviscid conditions.

.10 010
K
A
.09 008
N
\ —/_//
a8 005 7
[0
5 7
; ho
<
o7 004 t
-3
1078
1
2 1074 —
R 208 ‘
- g=9 — 1
< 1 j //‘/’//
a = +—
5 =] -
z 0 .2 4 6 8 1.0 L
? X, inches
£ ) =
& . } o* - /%/
S %3 3
= L1 e
' _9 j//,»'%
e =
e
107 N\ L | |
05 104 == g
1075 >:>)< P
/ N //’//W
o A \
o
| =
A
01— ,//
/ ]
y
C 10 20 30 40 B 60 70 =8 ac HEE 117 120
Distance from throat alony ncezle axis, x, nches

Figure 17.- Growth of real-gas Eoundary—layer momentum thickness as calculated for several values of
throat momentum thickness 6%, at M; = 17, p, = 1,000 atmospheres, T, = 4,200° R, T, = 650° R,
and 4" = 0.10 inch.
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It is seen that initial values of 6 which are lO‘LP or less do not significantly
affect the values of 6 downstream from the throat.

After the quantity de/dz is determined from equation (Bl) at a particular
location, values of 6 for adjacent downstream locations are found in a stepwise
manner.

Nozzle Wall Temperature

The wall temperature enters into the calculation of &% in equations (Bll),
(B12), and (B14). Calculations for a constant wall temperature are straight-
forward. For a more realistic condition, the wall temperature was assumed to
vary along the nozzle with the wall hot near the throat and cooler downstream.
The expression used to describe these variations as a function of nozzle diameter
ratio 1s

) 1.8
1, - Ty - A(y/y*) (516)

1+ B(y/y*)-8

where T, 1is the gas temperature at the throat. The constants A and B are

determined for an assumed wall temperature at the throat and an assumed wall tem-
perature for a large value of y/y*, respectively. This relation given by equa-
tion (Bl6) is based on a very rough heat balance between the nitrogen side of the

nozzle and water-cooled passages in the nozzle wall. The term (y/y*)l'8 results
from the assumption that the heat-transfer coefficient on the nitrogen side of

the nozzle is proportional to the area ratio raised to 0.9 power, as indicated in
reference 16. It should be noted that this expression for the variation of wall
temperature along the nozzle was not developed to give an accurate prediction of
wall temperature but, rather, to give a reasonable variation along the nozzle
wall.

Iterative Procedure for Detemmining Displacement Thickness

The first estimate of ©% at a given nozzle position is found by assuming
that the nozzle wall is represented by the inviscid contour. This initial value
of &% 1is then added to the inviscid contour to give a better approximation of
the physical wall. The value of 5% based on this revised contour is then deter-
mined and compared with the previous value. The various gradients are also
revised in the course of this procedure. This lteration process is repeated until
successive calculations of &% at a given nozzle position differ by less than
0.001 inch.
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APPENDIX C
COMPUTER PROGRAM FOR THE CALCULATION OF A NOZZLE CONTOUR

A computer program was developed for calculating hypersonic nozzle contours.
This program is written in FORTRAN language (ref. 11) and is presented at the end
of this appendix. This program facilitates the computation of the inviscid nogz-
zle contour and the boundary-layer displacement thickness for a real gas based on
the methods presented in appendixes A and B.

Part I of the program determines the flow properties along the boundaries of
the inviscid flow region. A tabulation of T, l/ME, 1/w2, p/pt, based on a

real gas, is supplied to the computer together with the flow angle at point C and
the Mach number at point D (sketch (a)). The program prints the values of the
flow properties of points A, B, C, and D. The program also writes on tape the
flow properties along the boundaries DE, DC, BC, and BA. These properties are
determined by the method described in appendix A.

Part IT of the program computes the inviscid nozzle contour. The tabulation

of T, 1/M2, 1/W2, and p/py supplied in part I is also used in part IL. The
tape written by part I and containing the flow properties along the boundaries is
used by part II. Beginning at point D the method of characteristics described in
appendix A is used to determine the flow properties along upward-sloping charac-
teristic lines in region II. These lines are computed from the boundary DC and
are extended until the value of the stream function is equal to the stream func-
tion at point C. The final points on these characteristic lines define the
inviscid nozzle contour from point E to point C. Continuing from point B, char-
acteristic lines are computed in region I from the BA boundary and are extended
until the value of the stream function is equal to the stream function at point C.
The final points on these characteristic lines define the inviscid nozzle contour
from point C to the throat. The flow properties of the points defining the
inviscid nozzle contour are printed and also punched on cards for use in part III.

Part III computes the displacement thickness along the nozzle and applies it
to the invisecid result to yield a physical contour. The flow properties at the
edge of the inviscid region are supplied on cards punched by part II. The values
of the constants used in equations (B10), (Bl1l), (B16) and the variables such as
Py, Uy, Ty, W, Ty, and T, are supplied to the computer. The values of the

shape parameter 6*/8, the skin-friction coefficient, and the momentum thick-

ness 6 are calculated at each point on the boundary as described in appendix. B.
An iterative procedure determines the value of the displacement thickness &¥.

The value of &% is added to the inviscid contour to give a better approximation
of the physical wall. Finally, a second-order interpolation is employed to locate
points on the physical wall at desired increments. These interpolated points on
the wall are then printed.

The followlng program has been used on the IBM 7090 electronic data process-
ing system at the Langley Research Center to obtain the results presented herein.
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THESE ARE INPUTS REQUIRED FOR PART [ P-53A.1
EMTAB=1/M2, INCREASING VALUES,LIMIT OF 100 VALUES
WTAB=1/W2, [INCREASING VALUES LIMIT OF 10C VALUES
RHORT=RHO/RHOT, INCREASING VALUES LIMIT OF 100 VALUES
EMA=MACH NO, AT POINT A TYPICALLY=1.

THETC=THETA AT POINT C [N RACIANS TYPICALLY=.2094395)
EMD=WMACH NO. AT POINT D TYPICALLY=15.

N=NUMRER OF VALUES IN TABLL OF 1/M2

RUIM=LIMIT R/RCR ABOVE WHICH DELTA R/RCP 1S KEPT
WITHIN RERR OF DRORCR TYPICALLY=4.90

RERR=CRROR LIMIT DR/RCR TYPICALLY=.02

DELW=0ELTA W INTEGRATION INTERVAL TYPICALLY=,201
DRORCR=DELTA R/RCR LIMIT

ALSG DELTA R/RCR USED QN DL TYPICALLY=.2
DOW=DELTA W RECUCTICN TYPICALLY=.000001
MAX=LIMIT TOTAL PCINTS=200U
[BUG NOT=. FOR EXTRA PRINT,=0Q CMIT EXTRA PRINT
TTAB=T,CEGREES R, INCREASING VALULS,LI¥IT OF 107 VALUES
Dxe CLTA X ALONG PA  TYPICALLY=.U2S
DXCE=DELTA X ALONG DE TYPICALLY=.?

TOTAL NO. POINTS ON DE=(S/RCR#!3}/DXCE

THESE ARE I[NPUTS REQUIRED FOR PART L1 P-530.2
AREA=_ FOR CDE AREA, ). FOR ABC AREA,2. TC tAND CASE
START WITH CDE AREA
PRINT=0 TO PRINT WALL POINTS ONLY,=1. TO PRINT NET AND WALL POCNTS
NAPRX=3=APPROXIMATIONS PER POINT
NN=NUMBER OF VALUES IN TARLE OF 1/p2

THESE ARE INPUTS REQUIRED FOR PART 111 P-70v.1
RHOT=RHC SUB T TYPICALLY=6.300u5?
VE=Y SUB L TYPICALLY=8977.LLI14

R1=R 5uUB 1 TYPICALLY=55.159

C1=WHERE MU=(C1sTwr3/2)/(TeeDI+E}) TYPICALLY=6,3RT3E-T
DI=CONSTANT [N MU EQUATION TYPICALLY=).
E1=CONSTANT [N MU EQUATION TYPILALLY=180.
THI=THETA 5Su8 1| TYPICALLY=.u0%?
GCL=32.1739

R=177u4.588

THB=CHARACTERISTIC TEMPERATURE OF MOLECULAR VIBRATION TYPICALLY=6JG5.7

OMEGA=EXPCNENT IN VISCOSITY-TEMPERATURE RELATIONSHIP TYPICALLY=.T76

TH=TwW TYPICALLY=650. R

€RR=ERRCR TEST USE .J0075

XM=SCALE FACTOR TYPICALLY=.23832

TLTG=1,=TL/T1 TYPICALLY=1.

JLIM=TOTAL NO. OF POINTS ON WALL=Ru. OF DENARY [NPUT CARDS

DEBUG=U

N=32NO. OF POINTS PER INTERVAL GAUSS INTCGRATIOM

L=5N0D. OF INTERVALS GAUSS [EINTEGRATION

ACASE=CASE NUMBER

ALPHA=WHERE Q=ALPHA¢BLTAsP+CAMePas2+TAUPue2 (CQ. B1D) TYPICALLY=1.

BETA=CONSTANT IN @ EQUATICN TYPICALLY=.35463125€-7

GAM=CCNSTANT IN Q EQUATION TYPICALL <15399514E-13

TAU=CONSTANT [N Q EQUATION TYPICALLY=.8248GD556F-20

PR=P SUB R TYPICALLY=.T2

TT1G=T SUB T, TYPICALLY=54L0. »

T2=T SUB G TYPICALLY=U491,608

*WHERL CW=AP¢RPuP+CPsPes2+0NPsPoe3 {EQ. P10} TYPICALLY=].

8 ONSTANT IN QW EQUATION TYPICALLY=.18T29C-6

CP=CONSTANT IN QW EQUATION TYPICALLY=,V11277E-12

DP=CONSTANT IN QW EQUATION TYPICALLY=-.la72E-70

HT=(H SUB T, 1)1/IR#Y SUR C) TYPICALLY=46.1P17

APP=WHERE TW={CPP-APP{Y/Ye)anwl,3)/L140PP(¥Y/Yn}es]1.B) (EQ. RI16)
TYPICALLY=U

BPP=CONSTANT IN TW EQUATION TYPICALLY=D

CPP=CONSTANT [N TW EQUATION=TR TYPICALLY=450.

YSTAR=CONSTANT IN TW EQUATION TYPICALLY=1.

OPT=0 IF €=QI,NOT=0 IF Q NOT=QI

DIFN=ALLOWABLE DIFFERENCE IN N TYYPICALLY=.01

DIFC=ALLOWABLE DIFFERENCE IN DELTA STAR RELATIVE TO ¥ TYPICALLY=.0.01

P-538.1
PART 1 COMPUTES POINTS ALONG DE,DC,BC,BA AND
SAVES THLM ON TAPE?
SUBROUTINE FINP 1S FLOATING INPUT SUBROUTINE
SUBROUTINE BIRC RLADS BINARY CARCS
SURROUTINE BIPUN PUNCHES BINARY CARDS
SUBROUTINE GAUSS PERFCRMS [NTLGRATION
SUBRQUTINE RWCF FINDS SLOPE OF CURVE
DIMENS[ON WTAB(1071,CMTABCI00),WLCGT IO, RHOLNT TGO,



Lo

c

C
c

Ao

TRHORT( 1001 ,ALC{30) ,ALWISS),ALC(2D), WI2300) JEF(2400),
2RORCR(2000), THETI(200L) ,RORT{200%) ,AX( 2000 ) 4 THETBC 1153} ,XBCL 1504,
3XBA{1000) 4WBA{1000),YBCIT15C),WBCL{1SC), THETDC(BG0),XDCIG00) ,
4YNC(8GO) PSIDCIBOO),WOCIBCOI,RORTOCUB0J), YDECILO I}, XDT{3490)
SeTTAB(1J0),EMSQYIIOC), TEMP( 0D}
CIMENSION DERCYIO)
EQUIVALENCE {EMTAB,DUMMY I}, (WTAB,CUMMY2), [WLOGT,DUMMY3), (RHOLNT,
TDUPNMYL 5 (TTAB,CUMMYS) , [ EMSQT ,DUMMYS)
EQUIVALENCE{W,XDE) s (EMXDEC2031) ), (EMLIUr ), YCE},
JIRORCR,YOEL60V D), ITHETI,¥YDE{260014), (THETL{BL ) ,XBA),
24THETI(1801) ,WBA}, (RORT ,WBA(21})
COMMON EMTAB,WTAB,WLOGT,RHOLNT,TTAB,EMSQT
COMMON RHORT EMA, THETC,EXD,N,CSDE,OMBA,DW, DRORCR,
100w, MAX
READS INPUY CARDS
FINP IS FLOATING INPUT SUBROUTINE
CALLFINPLUI7,EMTAB,WTAB,RHORT JEMA, THETC LMD NoRLIM,
YRERR, DELW,DRORCR,COW,MAX, IBUG, TTAB,NXRA,CXDE)
WRITES MEAD
WRITE QUTPUT TAPE 6&,3G5
COMPUTES 1/T,M2,W,LOGE( 1-W2) 4LOGE (RHO/RHCT}
00 4 [=1,N
TTAB(L)=1./TVAB{I)
EMSCTIII=1,/EMTABLT)
WN=SQRTFII./WTABLI})
WLOGT{[)=LOGF{ |.~KN=a2)
4 RHOLNT{I}=LOGF{RHORT(1)}
REVERSES 1/T TABLE
KN
00 1000 I=1,N
TEMPIK)=TTARIT)
1000 K=K-1
00 203C I=1,N
2000 TTAB(I)=YEMPLT)
REVERSES ®2 TARLE
K=N
D0 3040 I=1,N
TEMP(KI=EMSQT ()
3007 K=x-1
0O 40J0 I=1,N
4070 EMSQTU1)=TEMP(T)
COMPUTES 1/MA2 AND INTERPOLATES 1/wA2
OVPA=1,/EMARS?
FTLUP 1S FLOATING TABLE LOOK UP AND INTERPOLATION SUBROLTINE
CALL FTLUP(OVMA,OVWA, 1, N, EMTAB,WTAB}
COMPUTES 1/MD2 AND [NTERPOLATES 1/WC2
OVML=1./EMDes2
CALL FTLUP(OVMC,O0VWD,1,N,EMTAB,WTAB)
COMPUTES WA
WA=SQRTFL1./0VWA)
COMPUTES WD
WD=SQRTF(1,/0VWD}
SET A/RCR=}
RORCRIN)=1,
SET SUM=0
SUM=C
SCT SUM2=g
SumM2=Q
INTEGRATION BY TRAPEZOIDAL RULE FROM WA TO WD OF {M2-1)/W AND SGQT
iM2-1)7w
ZTERM={EMA®e 21} /WA
ZTERM2=1SQRTF{EMAR®2-1.}) /WA
OW=DELW
COMPUTE WA POINT
W(Vl=wA
ICOUNT=0
TURN OFF LIGHT
ITFUSENSE LIGHT 1)8,8
COMPUTLS WoM,R/RCR,THETAL ,RHO/RHOT,K,LIMIT OF2000 POINTS
8 DO 12 1=2,MAX
Q WII)=W{I-1)+DW
TF{WI1)-W017,7,113
113 IFL{SENSE LIGHT 1} 115,116
116 DNsWD-wW(I-1)
SENSE LIGHT
GO 10 9
7 OVW=1./W{I)es2
CALL FTLUPIOVW,0VM, ) N, WTAB,ENTAR)
EM(1)=SQRIF{1./70VM)
TEMP=(EM([)eEMIT)-.)
TEMPI=TEMP/W(I)
TEMP2=SQRIF{TEMP)/W(I)
TEMPY= [ZTERMTEMP ] ) ».500W+SUM
EQUATION A7
RORCRUIV=EXPF{ . SeTEMPL]
IF{SENSE LIGHT 21611,409
611 SENSE LIGHT 2
608 TF{SENSE LIGHT 31610,609
610 RERR=RLRR+.01)
IF{SENSE LIGHT 21609,609
609 IF{RORCR{1)-RLIM}I0,602,602
602 IF(ABSF(RCRCRUI}-RORCAR{I-1}~DRORCRI-RER®IC, 10,403
603 IFIRORCRUI}-ROACRII-1)-DRORCR)6T4.V"
605 DW=DwW-DDW
SENSE LIGHT 2
LF{IBUGIS5000,5001,5000
S000 WRITEQUYPUTTAPES,332,W{1),0W,RORCRIT}
5021 6OTC9
6J4 DW=CW+COW
SENSE LIGHT 3
1F{IRUGISV02,5003,5002
S002 WRITEQUTPUTTAPES,302,W{1),04,RORCR(I}




5003
10
606

607
5004

c
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103
101
160
104

4091

4002

1600
1300

GOTCY
TEMP3=(2TERM2+TEMP 21 e SeDH4SUNZ
IFISENSE LIGHT 2)506,606
TFISENSE LIGHT 3)607,607
TF[1BUG)SCI4,5005,5004
WRITEOUTPUTTAPES,302,W(1),CheRORCRIT}
E€QUATION A6
THETI(1)=,59TEMP3
ITERM=TEMP]
2TERM2=TEMP2
SUM=TEMPY
SUM2=TEMP3
WLOC=LOGF(1.-W{l[)ew2)
CALL FTLUP[WLOG,RHOLN, 1,N, HLOGT ,RHOLNT}
RORTII1=EXPF [RHOLN)
ICOUNT=1COUNT+1
I1F({ICOUNT=-2000)12,12,1600
AK(LI)={CVW-1,)/0V¥
ICOUNT=NO OF THETAS AND RORCRS STARTING WITH THETT(2)ANC RORCR{2}
COMPUTE THETAID AND THETAIC
THETID=THETI{ICCUNT+ 1)
COMPUTE THETAI,W,R/RCR,M,K AT POINT B
THETIB=THETID~-2.#THETC
THETICsTHEYID-THETC
CALL FYLUP{THETIB,WB, |, ICOUNT,THETEI2},W(2}}
CALL FTLUP(THETIB,RORCRB, 1, ICOUNT,THETI(2),RORCR(2))
OVHB=1,/WB#s2
CALL FTLUP(OVWB,OVMB, 1,N,WTAB,EMTAB}
EMB=SQRTF(1./0v™B}
AKB=(OVWR-1.)/70VMT
FIT CURVE TO 7 POINTS AND READ DK/OMB AT POINT B
STORE KS IN ALD BLCCK
J22
DO 100 I=2,1COUNT
IF(EM{TI+3)~EMB) 100,100,1C2
ALDLJ)=EMIT)
ALD(J-1)=aKt 1)
Jz 32
1F(J-81 101,103,101
JxJg+2
IF(J=-14) 190,104,104
CONTINUE
ALD(B)=EMB
ALD(T)=AKS
SHARE SUBROUTINE RWCF [S USED FOR SECOND DEGREE POLYNOMIAL
LEAST SQUARES CURVE FITTING ROUTINE USING ORTHOGONAL POLYNGMONT ALS
CALL CF2F1{20,ALC,0,ALW,ALD+2,7)
CALL CF2F2(EMB,ALC,2,DER,1,2)
DKDMB=DER(3)
COMPUTE W4R/RCR,™,RHO/RHOT,K,XBAR,Y,PS1 AT POINT C
CALL FTLUP(THETIC,WC, 1}, TCOUNT,THETI(2},W(2})
CALL FTLUP(THETIC,RORCRC,1,ICOUNT,THETI(2),RORCRI2H)
OVWC=1./WCe#2
CALL FTLUP(OVWC,OVMC,1,N,HTAB,EMTAB)
EMC=SQRTF({1./0VYNC)
WLOGC=LOGF{1.-WCee2)
CALL FTLUP [WLOGC,RHOLNC, 1,N,NLOGT ,RHOLNT)
RORTC=EXPF [RHOLNC)
AKC={OVWC~1.)/0VNC
EQUATICON A9
YC=RORCRC#SINF(THETC)
EQUATION A2
PSIC=RORTC#WC®RORCRC w29 (1. -COSFITHETC))
COMPUTE DM/DRORCR AT POINT B
DMOR=2./{{WE/EMB}ee2a(1,~EMBea2 ) »sRORCRB#[.5»
10KOMB-AKB/EMB])
COMPUTE R/RCR AT POINT A
RORCRA=RORCRB-{EMB-EMA)/DMOR
COMPUTE X AT POINT C
XC=ROACRC*COSF(THETC ) -RORCRA
NARPTS=0
NBCPTS=0
NDCPTS=0
K=1
J=1
L=1COUNT+}
DO 300 [=2,L
IFITHETIII)I-THETIB) 17,16,16
IF(THETI(I)-THETIC) 13, 14,14
COMPUTE THETA,Y,W,;X AT POINTS ALONG BC LIMIT OF 150 POINTS
THETBC(J)=THETI(I}-THETIB
E£QUATION A9
YBC(J)=RORCR{T)eSINF{THETBC(J1]
WBC(J}awll)
XBC(J}=RORCR{1)&COSF(THETBCIJ) I-RCRCRA
NBCPTS=NBCPTS+1
1F10J-150)1300, 1300, 1600
1f NO. OF POINTS EXCEEDS STORAGE,PRINT OUT HERE
ANG STOP
WRITE OUTPUT TAPE 6,500,JsK, 1, [COUNT
CALL EXIT
J=Jel
GD To 300
COMPUTE THETA,X.Y,PSI,N,RHO/RHOT AT POINTS ALONG CD LIMIT CF 83
POINTS
THETOCIK)=THETIC-THETIL( )
XDC[K)=RORCR{T)#CCSF(THETDCIK) )-RORCRA
EQUATION A9
YOC (X} =RORCR{T}#SINF(THETCC (X))
EQUATION A2
PSIDC{X)=RORT{TI)#W{1)*RORCRI[}we2e{ 1. ~COSFITHETOCtK]}]
WOC(KI=W(IT}

b3



1400
17

300
400

600
601

1590
22
2

w

21

323
312
3
312
313
326

B

Lo

405

403

332
308
3ul

590

IaNaNaRa¥alal

Ly

NDCPTS=NDCPTS+]
RORTDC(K}=RORT(1)
TFE{K=-30021400,140C,160L

K=Kel

GO TO 300
NAPPTS=NABPTS+!
CONTINUE

NAR=D

OX=.

XR=RORCRB-RORCRA
SAVE=RORT { ICOUNT4+1)

SAVE2=RORCR{ICOUNT+1}

COMPUTE POINTS ALONG BA LIMIT OF 1G(y
D0221=1,MAX

XBA(])=XB-DX

IF(XBAL11)670,601,601

XBRALYY=(

TEM =XBA{[)eDMDR+1,

OVM=1,/71TEM () ne2
CALLFTLUPLOVM,0VW, 1, N, EMTAR,WIAR)
WEBALT)=SQRTF{1./70VwW])
IFLI-1005)1590, 1570, 1689

NAB=NAB+]

IFIXBALL))22,23,22

CX=CX+¢DXBA

COMPUTE S/RCR AT POINT D
SORCR=SQRTYF{{2,#PSIC)/(SAVE 2 {WC/EMDse2) 1))
ENDE=NUMBER OF POINTS ON DE LIMIT CF 340¢
ENCE=(SORCR4+ 1y, ) /DXNE
EMUD=ARTNGF{1./EMD,SQRTF (1. /EMCImn2)

NDF =ENDE

RORCR®SINF[EMUD)

RORCR#COSFIEMUD )

[=1,NDE

CCMPUTE X,Y OF POINTS ALONG DE
XCE{I)=XOC(NOCPTS)+FLToDSLMY

YDE(I)=FLT®#DSSMU

TF{1-36001211,211,1600

FLY=FLT+],

RORCRD=SAVE2

WRITES DOM/DRORCR AT POINT B

WRITE OLTPUT TAPE 6,341,0MCR

XA=1

YAzy

THETAA=Q

XB=RORCREB-RORCRA

YP=C

¥0=.

WRITES HEADING

WRITES THETA,X,Y,W,M,R/RCR FOR 4,B,C,0 PCINTS
WRITE QUTPUT TAPE 6,303

WRITE OUTPUT TAPE 6,310, XA,YA,EMA, WA ,RORCRA,THETAA
WRITE QUTPUT TAPE 6,3.32

WRITE OUTPUT TAPE 6,311,XB,YR,EMP,wR,RORCRE, THETIN
WRITE CQUTPUT TAPE 6,303

WRITE QUTPUT TAPE 6,312,XC,YC,EML,WC,RORCRC,THETIC
WRITE OQUTPUT TAPE 6,303

WRITE OQUTPUT TAPE 6,313,XDCINDCPTS), YD, EFD, WD RORCRN, THETID
FORMATLIH TOXTHXTSXTHY 16X THM ISX THW IUXSHR/RCRBXEHTHETAL)
FORMAT{3H A=1E14.8,5016.8)

FORMAT{3H B=1E16.8,5E£16.8)

FORMAT(3H C=1C16.8,5£16.8)

FORMAT{3H D=1E14.8,5E16.A8)

N4 eNCE

WRITE TAPE 9 SAVING INFORMATION ABCUT ALL PCINTS ON AB,BC,CD,CE
REWING ©

WRITE TAPE 9,PSIC,WOsN, IXDELL),YOE(L ), L=¥,NDE)
K=NCLPTS

00 405 [=1,NDCPTS

WRETE TAPE 9,{XDC(K) ,YDC(K), THETCCIX) WNCIK],PSIDOIK),
IRORTDC(K)}

K=K-1

ZERQ=L

WRITE TAPE 9,{ZERQ,ZERC,ZERU,ZERC,2ZERC,ZERD}
N=Le{NBLCPTS+1)

WRITE TAPE Q,PSIC Ny (XBCUL}2YRCIT}, THETRCUI) 4WBC{E},I=1,NBCPTS)
WRITE TAPE 94XCsYC,THETC,WC

DO 403 1=1,NAR

WRITE TAPE 9, XBAII),WLACID)

WRITE TAPE 9, ZERD,ZERO

REWINC ¢

TABLES ARE SAVED [N COMMON STORAGE FOR NEXT CHAIN
CALL CHAIN (2,83}

FORMAT{6E19.8)

FORMAT(4£19.8)

FORMAT {6H DMOR=1E19.8)

FORMATIOHIP-536.1/7)

FORMAT {4 12)

END

P-538.2
PART 11 NOZZLE CALCULATION
TABLES ARE ALREADY IN COMMCN STORAGEC FROM PREVIOUS CHAIN
PART 11 COMPUTES POINTS ALONG WALL FROM E TC C
AND FROM C TO THROAT,
PS1 ALONG wALL=PSI AT POINT C
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PUNCHES X,YyM,W,RHC/RHOT,THETA, T OF WALL POINTS

DIMENSICON STOR(4000),TEMP{1J),EMTABLIGG) +WTAB(1U),WLOGTLIGU)
TRHOLNT{ 100}
2, TTABI 100} ,EMSQT{102)

EQUIVALENCE (EMTAB,DUMMY 1}, {WTAB,DUFMY2}, (WLOGT,DUMMY 3 ), (RHOLNT,
TDUMMYL |, (TTAB,DUMMYS) , [EMSQT 4 DUMMYS]

COMMON EMTAB,WTAB,WLOGT,RHOLNT,TTAB,EMSQT

COMMON XA, YA, THA WAFA,PSIA,X8,YB, THDyWB,XC,YC,THC,WC,FC,PSIC,ANMC,
TAMUC  SMUC ,CMUC , TMUC 4 PPL, YAV, THAV WAV, AMAV, AMUAV, SMUAV, CMUAY, TMUAV,
2STHAV, YBV, THBV, WBY , AMBY , AMUBV, SMUBV, CMUBYV, TMUBRY, STHLV, XLIM, VLIV,
ZAMLIM WLIMPPLIM THLIM, TLIM PLIM AMUL,, SMLIM CMLIM, TVLIM, THPY,
LTANP , THWM, SINM, COSV, TANM XATY ACLyBCM  TEMP, WD P Ny 1oy ARFA,PRINT,
SNAPRX y NNy ALNW, ALNP
6, SINP,COSP,STOR

FLIMF(XCoXA,P)=Pa[XC-XA}¢XA

REWIND ?

TAPE ¢ FROM CHAIN 1 CCNTAINS

REC ! PSIC,WD,4NCE,X AND Y OF ALL PTS C¢1 TO E

REC 2 X,Y,THETA,W,PSI,RHO/RHOT OF EACH PT D TOC-!
REC{2+#NDCPTS) 0,0,04+0,0,0

REC{3+NDCPTS) PSIC,MINBCPTS+1) X, Y, THETA, W CF ALL PYS B+) TC C-1
REC(4+#NDCPTS) X,Y,THETA,W OF PT C

REC{5#NDCPTS) X,W OF EACH PT B TC A+l

REC(S5¢NDCPTS+NABPTS) 0,C

CALL FINP(4,AREA,PRINT,NAPRX, NN}

[F{AREA~1.} 41,41,40

CALL CHAINLI,B3)

READ I[N A LINE TO STOR

REAC IN PT ON B LINE TO C PT

WRITE QUTPUT TAPE 6,132

IF{AREA) 1A,19,18

READ TAPE 9,PLIM,N,{STOR{J},I=5,N]

K=N4y

1=Nt1

REAC TAPE 9,{STCR{J},J=[,K)

XLIM=STOR{N+1)

YLIM=STOR(N#2)

CALL AMCMUISTOR(N44) SVLIM, TMLIM, AMUL, AMLIM,CMLEMY
THLIM=STOR(N#+3)

WLIM=STOR(N+Y4)

CALL PPT(WLIM,PPLIM)

EMSC=AMLIMeAMLIM

SUBROUTINE FTLUP INTERPOLATES IN TARLE

CALL FTLUPIEMSG,TLIM, 1NN, EMSCTIT).TTAR(Y)I

TLIM=T./TLIM

CALL BIPUNIXLIM,TLIM}

WRITE CUTPUT TAPEG,TUUsXLIM, YLIMyAMLIM WL IM,PPLIM, THLIM, TUIM
READ TAPE 9, ({STCR(1),STOR{4})

STOR(2)=0.

STOR{(3})=0.

Go 10 22

REAC IN LINE DE AND A POINT FROM DC

REAC TAPE 9,PLIM, WO, N, {STOR(J),STORLI+T)sd=1,N,4)

READ TAPE 9,XCoYCyTHC,WC4PSIC,PPC

D0 21 J=1,yN,4

THETA=0 AND W=WC FCR ALL PTS ON O

STOR{J¢2)=0.

STCR{J+31=WD

IFLAREA} 22,23,22

REAC TAPE 9,XC,kC
THETA=0,F=0,P51=0 FCR ALL PTS ON BA

REAL IN NEXT PCINT FROM DC AND COMPUTE NEXT LINE

READ TAPE 9,XC,Y(,THCWC,PSIC,PPC

CALL AMCMU(WC, SMUC, TMUC,AMUC, AMC,CHUC)

FC=PPCoWCsYC e SMUC

1F(WC) 25,28,25

AFTER C IS COMPUTED MOVE STOR TQO B AND MOVE C TO A AND TO STOR
WHEN PSI REACHES LIMIT COMPUTE END PT

IF(AREA)Y 10,111,100

N=N+4&
XB=STOR(N]
¥YB=STORIN+T)
THB=STOR{N+2)
WB=STOR(N+3)

THA=THC

WA=WC

FA=FC
PSIA=PSIC
IFCAREA) 12,13,412
STOR{N) =XC
STORIN#)}=YC
STOR({N+2)=THC
STOR{N+3}=WC
GO TO Iy
STORIN-U4)=XC
STOR(N=3}=YC
STORIN-2)=THC
STORI(N-1}=WC
CALL GENPT

b5
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IFIPRINT) 27,26,27

WRITE OUTPUT TAPE 6,100 XA, YA, THA, WA,FA,PSTA,XR, YE,THE,WB,XC,YT,

TAMC o WC 4, PSICPPC,LFC, THC AMUL

COMPUTE ALONG AN UPWARD SLOPING CHARACTERISTIC ULENE UNTIL PSI
LIMIT IS REACHED

IFIPSIC-PLEM) 6,8,8

IF[AREA] 15,16,15

STCRIN+4)=XC

STORUN#5) =Y

STOR{N+6)=THC

STCRIN+T7}=WC

cc 70 7

STOR(N)=XC

STOR(N+1}=YC

STOR(N+2)=THC

STCRIN#3)=WC

P={PLIM-PSTA)/{PSIC-PSIA)}

XLIM=FLIMF{XC XA, P)

YLIMaFLIMFIYL,YA,P)

THLIM=FLIMFITHC,THA,PI

WLIM=FLIMF{WC WA, P)

CALL AMCMUCWLIM, SMLIM, TMLIM, AMUL ,AMLIM,CMLIMY

CALL PPTIWLIM,PPLINM}

EMSQ=AML[MeAMLIM

CALL FTLUPCEMSC,TLIM, 1 NNyEMSCT(1),TTABLE))

TLIM=]1,/TLIM

PUNCH XY ¥, WsRHC/RHCT,THETA, T

CALL BIPUN{XLIM,TLIM}

FORMAT(IH 3E16.B)

PRINTS X,Y,MywoRHO/RHOT,THETA,T CF WALL POINTS

WRITE CQUTPUT TAPES 1JU o XLIM YLIM AMLIM WL IM,PPLIM, THLIM, TLI™

FORMAT(IH TEI16.R)

FORMATIIH 7XTHX 16X THY J6X THM I 6X 1HW 1 1XBHRHO/RHOTIXSHTHETAT3X IHT)

GO TO 22

END

SUBRCUTINE PSLIWX,PPX)

SUBROUTINE PSI CCMPUTES PSI GIVEN W AND RHO/RKOT

DIMENSION STORIUOQUI)»TEMPLT) EMTABC130) (WTABIIO0}, WLOGT{102),
TRHOLNT[150Q)

2, TTAB(Y0D) ,EMSQT(10%})

EQUIVALENCE (EMTAE,CUMMY 1), (WTAR,DUMMY2), {WLOGT,DUFMY3I ), (RHOLNT,
TDUMMYL }, (TTAB, DUMMYS5), [EMSQT ,DUMMY )

CQ¥MON EMTAB,WTAB,WLOGT,RHOLNT,TTAB,E¥SQY

COMPON XA, YA, THR, WA, FA,PSIA,XO,YE, THB, WA, XCoYC i THCWCFC,PSIC,AYMC,
TAMUC , SMUC, CMUC, TMUC, PP, YAV, THAV WAV , AMAV, AMUAY, SMUAV, CHUAY, TMU AV,
2STHAV, YBV, THBY, WBV , AMBV, AMURYV , SMUBV, CMUBY, TMUBY, STHEV, XLIM, VLIV,
SAMLIM Wi [P PPLIM, THLIM, TLIM,PLIF, AMUL SFLIM,CMLIM, THLIM, THPY,
LTANP, THMM, SINM,COSM, TANM, XATY  ACL,BCM, TEMP (WD, Py Ny 1, J, AREA,PRINT,
SNAPRX ;NN ALNW, ALNP,, STOR
6y SINP,COSP

CALL PPTIWX,PPX)

FC=PPXwwnXeY([SMLC

PSIC=PSTA+ . Se{FA+FCIwSCRTF{(XC-XA)R(XC-XA)+{YC-YAIn(YC-YA})

RETURN

END

SUBROUTINE PPT{WX,PPX)
SUBROUTINE PPT COMPUTES RHO/RHOT GIVEN W

DIMENSICN STOR(LOOD) 4 TEMP (101, EMTABTTI0) ,WTARLIG0) , WLOGTI10),
IRHOLNT (10¢)
2. TTABC100) ENSQTE100)

EQUIVALENCE [EMTAB,DUMMY 1), (WTAB,CUMMY2), (WLOGT,CUMMY3), [RHOLNT,
TOUMMYL) , LTTAD, CUMMYS ), {LEMSQT ,DUMHY )

COMMON [MTAB,WIAB,WLOGT ,RHOLNT,TTAB,EMSQT

COMMON XAp YA, THA WA FALPSIA, XByYB, THB  WBXC,YC, THC,WCFC,PSIC,ANC,
TAMUC , SMUC ,CMUC , THUC, PPC, YAV, THAV WAV, AMAV, AMUAV, SMUAV , CHUAV, THUAY,
2STHAV, YBV, THBV  WEV , AMBY ¢ AMUBV, S¥UDV, CMURY, THUBV,, STHRV, XLIM, YLIM,
ZAMLIM, WLEM PPLIM THLIM, TUEM, PLIN,AMUL  SMLIM, CHLTM, THLIN, THPY,
BTANP, THMM, SINM, COSM TANM y XATY 4 ACL 4 8CM, TEMP , WD 4P N o1, J, AREA,PRINT,
SNAPRX NN, ALNW, ALNP, STCR
6,SINP,COSP

ALKW=LOGF( 1.-WX®WX}

CALL FTLUP[ALNW,ALNP ¢ 1,NN,WLOGT 1) ,RHCLNT(1})

PPX=EXPF {ALNP)

RETURN

ENC

SUBROUTINE THM{THX,TANX,COSX,AMUX, THMX, SINX)
SUBROUTINE THM COMPUTES COS,SIN,TAN OF (THETA-MU} GIVEN THETA AND
My

DIMENSION STOR{LOUO) S TEMPI D), EMTAC( 190 ),WTAB(I0G), WLOGTEIC™),
YRHOLNT L 1QG )

2« TTABL Y00} 4EMSQT(I0)

EQUIVALENCE (EMTAB,DUMMY 1), (WTAB,CUMMY2), | HLOGT,DUMMY 3}, (RHOLNT,
TCUMMYL ), (TTAB,CUMMYS), {EMSQT ,CUMMYS)

COMMON EMTAB, WTAD.NLOGT ,RHOLNT 4 TTAB, EMSQT

COMMON XA YA, THA WAL FA,PSTAL XD, Y8, THB , WB, XLy YL, THC,WC,FC,PSIC,ANC,
VAMUC , SMUC , CMUC s TMUC, PPC, YAV, THAV WAV, AMAV , AMUAV, SMUAV, CMUAY, TMUAY,
2STHAV,YBY, THBY  WBV, AMBV, AMUBY, SMUBV,CNUBV, TMUBY, STHEV, XLIM,YLIY,
ZAMLIM WLEM,PPLIM, THLIM TLIM, PLIM, AMUL, SMLIM,CHPLIM, TVLIN, THPY,
HTANP, THMM  SINM,COSM, TANM, XATY , ACL BC™, TEMP WU Py Ny T4, AREA,PRINT,
SNAPRX NN, ALNW, ALNP4STCR

&, SINP,LOSP

THMX=THX~AMUX

COSX=COSF{THMX)



a0

amn

SENX=STNF (THMX)
TANX=SINX/COSX
RETURH

ENC

SUBROUTINE THP{THX,TANX,COSK,AMUX,THPX, S1AX)
SUBRROUTINE THP CO¥PUTES COS,»STH,TAN OF (THETA4MU) GIVER THETA AND

MUy

DIMENSION STOR(LGO LY, TEYPITJ),EMTABLI2I),WIABCIO:),aLOGTLIN),
TRHOLNT L 130)
2+ TTARLT10Q),EMSQT (100

EJUIVALENCE (CMTAR,CUMMY 1}, tWTAH,QUYMY2), (WLOGT,CUMMY 2D, [RUGLNT,
10UMMYLE ), (TTAR, DUMMYS ), LEMSUT,PLMMYG)

COPMON EMTADB,WTAB, WLOGTRHCULNT , TTAR, EVMSCT

COMMON XA,VA.THA.HA,?&,PS[A.XB.VE.THB,AN.XC.YC.THC.HC,FC,VS[C,\“Cv
lANUC,SVUC,CVUC.TMUL,PPC.YAV.THLJ.HAV,AVAV.ANUAV.S“UAV.C”UAV.TMUAV.
JSTHAV, YBV, THRV, WBY , AMBY , AMUBVY, S5MUDY,, CMURY, TMURV, STHRY,, XLTIY, YLIY,
TAMLIM, aLIM, PPLIM, THLIV , TUINMPLINMAMUL, SMLIMCMUIY, TRLIM, THPY,
UTAND , THMM, SINM COSM, TANM  XATY, ACL g BCM  TEFMP WL, Py Ny Ty AREA,PRINT,
SNAPRX g NNy ALNW, ALNP,STOR
&3 SINP,LOSP

THPX=THX+AMUX

COSX=COSF(THPX)

SIHNX=SINF{THPX}

TANX=SINX/COSX

RETURN

END

SUBRGUTINE AMCMULWX, SMUX, TVUX, AMUX, AMY , CMUX)

SURROUTINE AMCMU COMPUTES MU ANC M CIVEY W

DIMENSTION STOR(GDONIZTEMPI1U) (EMTAB(1OG) ,WTABCICT Y, WLOGTEIU ),
1RHCLNT(I00)
2, TTABLIOC ) ,EMSQT (120}

EQUIVALENCE (CMTAB,BUMMY 1], (WTAR,DUMMY2], (WLOGTDUMNMY3), (RHOLNT,
TOUMMYYH ), { TTABDUMMYS}, LEMSQT,TUMMYG)

COMMDN EMTAB,WTAB,WLOGTRHOLNT,TTAB,EVSCT

COYMON XA, YA, THA, HA,FA,PSTA, XA, YB,THB, WOy XC,YC,THC,WCFC,PSIC,AMC,
TAMUC s SMUC s CMUC ( TMUC , PPL o YAV, THAY WAV, AMAY , AMUAV, SMUAV, LVUAY, TMUAY,
PSTHAV, YBV  THRY , WBY , AMBY , AMUBY , SMUBV , CMURV, TFMUAV, STHRV,, XLIM, YLIY,
TAMLEMy WL IM PPLIM, THLIN, TUIM, PLIM AMLL, SMLIV, CMLIY, THL IV, THPY,
hTANP,THFP,S[N“,COSy.Thh”.XAYV,ACLIECN,TEFP,HU,P.N.[pJ.ARFA.PﬂlVY,
SNAPRX p NNy ALNW, ALNP, 5TOR
&+SINP,LOSP

OW=1,/7(WX*WX)

CALL FTLUP(OMWCM, 1 NN WTARCTE,EMTAR(TY)

SMUX=SCRTFIOM)

AMx=1./5MUX

CMUX=SQRTF(1.-0M)

TMUX=S¥UX/CMUX

AVUX=ATANF{TMUX)

RETURN

END

SUSRQUTINE GENPT
SUBROUTINE GENPT COMPUTES GENERAL POINT [Y THREL DIMENSIONAL
IRROTATIONAL FLOW CQUATIONS MAKIMG AS MANY APPROXIMATINNG AS
DESIRED

AVRGFITHA, THC) =, 5o [ THA+THLC)

CIMENSION STORUHCUT) ZTEYPIT),LMTABLIICT) WTACI100},WLOGT IS ),
TRHOLNT {13y}
2, TTABL{100),EMSST(107)

EQUIVALENCE {(EMTAB,DUMMY 1}, IWTAR,DUMMY2)  {WLOGT,CUMMY 3], (RHOLNT
1DUPMYL) , (TTAB,DUMMYS ), (EMSQT,DUMMYS)

COMMON EMTAB,WTAB,WLOGT ,RHOLNT, TTAR,EMSQT

COMMON XA, YAy THA, WA, FA, PSTA, X8, YR THB WB,XC YL THC s WC ,FC4PSICAMC,
TAMUC , SMUC y CMUC , TMUC , PPC, YAV, THAV , WAV, AMAV,, AMUAY, SPUAV, CHUAV, TMU AV,
25THAV, YBV , THBV, BV . AMBV , AMUBY , SMURV, CMURV,, TVURY, STHRV XLIM,YLIM,
TAMLIM,WLIM, PPUIM, THLIM, TLIM, PLIY, AMUL , SMLIM,CPLIM, THLIM, THPY,
LTANP  THMM, STNM,COSM, TANM, XATY, ACL ,BCY, TENP s WU Py Ny [, AREA,PRINT,
SNAPRX, NNy ALNW, ALNP,STCR

64 SINPLCCSP

00 S1=1,NAPRX

TFCI-1) 4,304

THAV=THA

THBY=THR

WAV=WA

WRV=WE
352 CALL APCMUIWAY,SMUAV, TMUAV, AMUAY, AMAY,CMUAY)

CALL AMCML[WBYV,SMUBV, TMUBV, AMUBY, AMAYV,CMUEV)

CALL THP{THAV,TANP,COSP,AMUAV, THPM,SINP)

CALL THM{THEV,TANM,COSM, AMURV, THKV, SINM)

STHAV=SINF[THAVI

STHBV=SINF (THRV)

XATY=XAeTANP-YA

XC={XATY+YB-XBsTANY)/ (TANP-TANY)

YC=XCeTANP-XATY

ACL=SMUAVRTMUAVeSTHAV/CCSP

RCM=SMUBVeTMUBV2STHRAV/COSH

YAV=AVRGF (YA, YC)

YBV=AVRGF{YR,Y()

IF(YAVeYBY) 1,2,1%

TEMP=-THA®TMUAV4 | XC-XA) wACL/ YAV
THC={-WA-WAVTEMP +WB ¢WBVe { THRSTMUBY+ (XC-XR)®BCM/YRVY]/
VIWAVeTMUAYV WV e TMUBY)

WC=WA+ WAV e (TMUAVSTHCSTLYP)

GC 10 &5

-

vy
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cooon

2 THL=1-WA*WB)/ 2.8 {WAVSTMUAVIWBVaTHURY])
WC=WA+WAVE2, o THLAYETHC

GO 10 5

THAV=AVRGF {THA,THC)
THBY=AVRGF{THB, THC)

WAV=AVRGF{WA,WC)

WBV=AVRGF [WB,WC)

GO 10 32

CONT INUE

CALL AMCMU(IWC, SMUC , THUC, AMUC, AMC,CMUC)
CALL PSEIWC,PPC)

RETURN

END

=
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P-700.1
PART [11 COMPUTES BOUNDARY LAYER USING
AALL POINTS PUNCHED BY PART II
DIMENSION FS{2),S5UMI2),ANSI2),X{200C),Y(200C) ,W(20001,RRT{2502),
ITHF{2000),T1(2000),SVY 120001 ,SYDELT{200M),DELSI202C),YY{(220 )
COMMON OPT
COMMONT ] yRRI 4 TO o THB, QSUMy QW ENJERR, UL HW R, HT ,CONTCON2,
JCONS T HyQuFR,FPRoHI HWS g K RHOL s Q1 pXo Y Mo RRTy THF , SVY, SVDELT,DELS ,YY
2 sRHOT G VE RT,C1pD1,E1,THILGC,
3 OMEGA,TH, XMy TLTG, JLIM, DEBUGCe N, Lo ACASE,ALPHA,
YBETA,GAM, TAU,PRATTIC, X141, EMI,WI,RRTY,THF1,TILI1,
5 TLTI,TT11,THETA,DXR, DU,
&DR4OY PI,EMUGRETH,TEMP FT,FTPR,H), DSDEL,
TTHOEL  TAW,ALP,CW,C2,C2,Cl FTT,FTTPR,H2,CF2,CSTH,
BDTOX, YPCLDEL
9 +DP,CP,BP, AP, H1
1 WRITE CUTPUT TAPE 6,25
25 FORMAT(IH 6XSHACASE 13XUHRHOTILUXZHVE 15X2HR FISX2HC Y ISX2HE L
T1SX2HE 1/ TX3HTHI 15X2HGC ISX1HR YSX3HTHB
213XSHOMEGATUX2HTWINXIHERR/BX2HXMIUXUHTLYG
312XSHALPHATIXLHBETA T 3X3HCAM I4X3HTAUISX2HPRY/
LIXUHTTIGINX2HTO ISX2HAP ISX2HBP I 5X2HCP 1SX2HNP ISX2HHT)
103 FORMAT(IK TEIT7.8)
100 FORMAT{IHDGENT.B/6E17.2)
CALLFINPIZ?,RHOT ,VE,R1,C1,CY4ET1yTHIZGC R THE, OMEGA,
YTW, ERRy XMy TLTGy UL I, DEBUG N, LsACASE s ALPHALBETA,GAN,
2TAUSPR,TTIG, TC,AP,BP,LP,DP,HT,APP,BPP, (PP, YSTAR,
30PT,DIFN,DIFD)
WRITEQUTPUTTAPEG, 103, ACASE ,RHOT,VE,R1,C 1,01, E1,TH!,GC,R,THB,CMLGA,
TTW LRR e XM, FLYG,ALPHA,BETA,GAM, TAL,PR, TTIG
2eTi AP AP, CPOP,HT
26 FORMAT(IHM BXTHXTOXIHY I4XSHTHETAIIXUHCFY2
DI X THN IUXEHTH/ CEL / SXTHY +DELST 1 IXSHDEL ST 13X 3HDFL
2VUXMHRETHIIXBHTLTIVOX9HCELST/DEL)
J=JLIM
SUBROUTINE BIRD READS BINARY CARCS CONTAINING X, Y,M,W,RHO/RHOT,
THETA,T
LINIY OF 2000 CARDS
REAC IN WALL PQINTS EXIT TO THRCAT
MULTIPLY X AND Y BY X¥ AND STORE THROAY TCEXI1T
1000 CALLBIRDIX1,TI]
X1J)=XVwxM
YIJ)=YlwxM
Wid)=w1
RRT{J}=RAT!
THF(JI=THF 1
TIt =T
SYY(3r=Y(J)
SVRELT{J)=0
J=J-1
TIF(J181,81,1000
TLTI=TLIG
TT1I=TTIG
THETA=TH]
WRITEQUTPUTTAPES,26
SENSE LIGHT 1
0083J=1,JL 1M
k=3
RHCI=RRT{J)sRHOT
Ul=w{J)wVE
PI=R1eTI(JISRHOL
EMU=(CIITI{II»e .50 )70 TIJIeaDVI+ETY)
EQUATION BIC
IF(P]-2G000.12C3,203,20b
203 QI=1.
GOTCu
204 QI=PI#(Pl#(Ple(TAU)+GAM)I+BETA)+ALPHA
4 [FITHR/TTI1-24,1120,12C, 101
101 FT=VESVE-CIe{T.sTT11sR)
FTIPR=-Qle(T,eR)
corotyz
120 TEMP=EXPF{THB/TTI1)
FT=VE®VE-CIo{T ., #TTV1eR4{2,#ReTHBI/(TEMP~1.))
FTPR=-QIa(7.oR¢{{(THB*THR*2, #R)/{TT11=TT11)}eTEMP)
T/ UUTEMP=-1.)ee2))
102 HY=-FT/FTPR
TIHI=TT11+H1
EFIABSFIHI/TTI1)-ERR)S, 5,4
EQULATION 810
5 IFI1CPPILOC, 401,500
401 Tw=TT1Y
GOTGCuL2
400 TW=(CPP-APPs (SVY(J}/YSTAR)®#1.81/{ 1. +RPPR(SVY(J)/YSTAR)}ee1.R]
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402
205

206
207
105

104
106
108

n7
109

1M1

110
112
502

502
51
501

[aXal
—~

[aXa)

&

500

545

504

506
508

509

5190
a0
1001

aconn

1005
1006
1002

1009
103

100u

513
S5tu

EQUATION BT
IF(PI-20000.)205,275,206

Qw=1.

GoT0207
QW=PI#{PIe(PI#(CP}+CPI+BP)+AP
TFITHR/TW=24.) 124,104,105
HNS=(7.2TW)}/ (2,270}

GOTO1C6
HWS=(7eoTWI/ (2. eT0)+THA/L(EXPFITHE/TW)-1.)4T0)
IFITHE/TINII-2L.) 107,307,108
HI=(T7.4T11J))/12.870G)

GOTO109

HIa{7.aTE(J))/(2.8T0)+THB/ (LEXPFITHR/TIIJI)-T1.0T2)
QSUM=(QI-QW )/ (HI-HKS)

LFITHB/TW=2Lk.} 110,110, 111
HW={(T7.0TW)/{2,0TU) 18w

GOTQ112

HW= [ [7.9TW)/{2,2TO 4 THB/ {(EXPF(THR/TWI-1.1%T5))eQu
RET=(RHOI#U[)/EMU®12,)
RETH=RET®THETA

EQUATICN BS
EN=1,77#,43029LLBsL OGF(RETH) -, 368~200./RETH
TF(SENSELIGHT1)511,502
1F(ABSFIEN-ENP)-DIFN)502,500
SENSELIGHTI
RRI=.125
SURROUTINE GAUSS INTEGRATION S INTERVALS ANC 32 POINTS PERINTERVAL
CALL GAUSSIN/Lsdaeter2sSsFS,SUMIANS, T

DELTA STAR/DELTA

DSLEL=1.-ANS(T)

THETA/DELYA

THOEL=1.-CSDEL~ANS(2)
TAW=(PRo«,.33333333}(TTVI-TH{JI}I+TILI)
ALP=(1,40MEGA}/LEN+1.)

CW=TW/TILJ}

C2={TH-TAWI/TILIJ}
C3=(2C.*ENTHOEL/RETH) #o (1, /{EN+1.))
CL={TAW-TIIJ)}/TI(J)

ETT=CW-C2eC3% (TLTI#wALP)~ClueC3#C3e(TLTIwe{2.2ALP}]-TLTI
FTTPR=-ALP#C28C3o({TLTI#a{ALP-1.))-2,#ALPsClrC3eC3n
T(TLTI®»12.#ALP=1.))~1.

H2=-FTT/FTIPR

EQUATION B1Y

TL/TH

TLTI=TLTI+H2

IF{ABSFIH2/TLTI)-ERR) 64 6.7

EQUATION BI3

CF/2
CF2=01./120.%EN))eC3aC38((YLTI}on(11.42,%0MEGA-EN)
1/{EN+1.) 1))

DELTA STAR/THETA

DSTH=DSOEL/THDEL

DELSLJI=DSTHeTHETA

YPD=SVY(JI+CELS(J}

DEL=DELSIJI1/05DEL
WRITEQUTPUTTAPES, 100, X1 J), Y1 I}, THETA,CF2,EN, THOEL,YPD,CELS(J),DEL,
TRETH,TLTI,DSOEL

YY{4r=yedi

Y{J)=YPD

[F{J=-11504,505,5CH

DELSP=DELS(J)

GOTO5u9

DXR={(X(J)-X{J=-1))/COSFITHFIJ-1))

DU=VE= (W{J)~W{J-1))

OR=RHOT#(RRT{J)~RRTLJ-1}}

DY=Y{J)=-Y{J-1)

D THETA/D X
DTCX=CF2P-THETAPe({(2,.4DSTHP)#DU)/{UIP#DXE}+GR/(RHOIPCXB)
14DY/(Y{J-1}#DXB})

THETA=THETAP+(DTDX) *DXB

TF({SENSELIGHT 11508,50¢6
1F(ABSFUIDELSIJI=DELSPI/SYYLJ))-CIFD)IS9,509,508
DELSP=DELS{J}

ENP=EN

GOT0533

Y{Je1h=Y(Je1I4DELSTD)

CF2P=CF2

THETAP=THETA

DSTHP=DSTH

uipP=ut

RHDIP=RHCI

SENSELIGHT

CONTINUE

XINT=4

WRITE OUTPUT TAPE 6,514

USE SECONC CRODER INTERPOLATION TO FIND GIVEN POINTS
OXx=.,19 IF ¥ LESS THAN 1,

OX=.25 LF Y GREATER THAN 1. AND LESS THANS.

OX=.50 IF Y GREATER THAN 5.

CALL FTLUP(XINT,YINT,2,JLIM,X,YY)

WRITE OUTPUT TAPE 46,513, XINT,YINT
TFCYINT=YY{JLIMIYI10GE, 1,4

IF{YINT-1.11002,1009,1009

XINT=XINT+.]

GO TO 1045

TF{YINT=-5.11003,1C04,100u

XINT=XINT+.25

Go 10 1035

XINT=XINT+,5

GO TO 1505

FORMATLIHR 2F12.4)

FORMAT[TH 6XTHXTIXTHY)
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SUBRQUTINEFOFX(S,FS)

OIMENSION FSU{2)aSUMI2),ANS(2),X120000,YI12002),Wl2207) ,RRT(2 0.,
TTHE (22000, TI12205),SYY (20001, SVEFLTI2000) 0005022303, YY(2C )
COMM¥CN CPY

COMYONT I RRI, Ty THR, SSUM W, EN G ERR UL, HIW, R HT LCONT,COND,
TCON G T o Hy Qo FRyFPRyHI HRG K RHOT p T4 Xy Yo Wy RET  THI o SVY, SVEELT , U ELS . YY
CONT=({ULIRUT)/{ReTL))

L0 Z3Sma{1,/EN}

CON=CONT (HW®{ T.-CONZ)/CONT+HTRCON2/CONT -, SwCON2RCNYN2)
ITCRATE FOR RHO/RKOL

T=TI{K}/RRI

[F EXPONENTIAL GRUATER THAN 24, OMIT TE2M

ECUATION B9

TFETHRZT-24.3113,113, 114

H=lT,#1)/(2.%10)

50 7C 1152

H= {72 oT) /{2 T )4 THR/L{EXPFITHR/T )=, )uT()
IFICPTINIG,1150,115

Q=01

40 T 1151

D= {ISUMIS[H-HWS ) +Qw

IF EXPONENTIAL GREATER THAN 24. CVIT TERW
FF{THR®RRI/TI{KI-2u. 1 1¥4,116,117
FRa(@({7.¢TI{K))I/{2.#T<eRRL}I-CON
FPR=Qa(l-T.¢TI(K))/{2.¢T oRRI®RR]}]}

GO 10 1tF

FREQe{ (T 8TIIKII/ {2 @TOORRIN$THE/{ITXPF{THESRRI/TTIIK) )=V, )eT0))
1-CcoN

FPR=Qo((-T.¢THIKI)/{2.0T #RRI=RRI)-(THRs THReEXPF{THE®RR]/
ITIIK) I/ (T e T I(K) o (EXPF{THRaRIL/TIIK)}-1.}em2}}
H3=-FR/FPR

EQUATION £12

RRI*=RR]¢H3

[F{RRIN)T25,125,126

RRIzRR]®,5

Go 10 N

RRI=RRIN

1P (ABSF{H3/RRII-FRR} 1D, 17,11

FS5(1)=RATe{See{1./EN))

FS{2)=RRI®{Ses{2,/EN))

HOLL=S

HOLL2=FS{ D)

HOLO3=FSI2}

FORMAT{IH TE1T7.R)

RETURN

END
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